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Abstract
Radiographic films, widely used in medical and dental diagnosis, are an excellent source of silver (Ag), due to their content

of light-sensitive Ag compounds. After their use, the films are commonly incorrectly thrown away in the regular trash,

causing potential environmental damage. Thus, sustainable methods for recovering Ag from discarded radiographic films

are desirable for economic reasons and environmental preservation. In this study, we performed the Ag recovery from

waste radiographic films and carried out its structural, chemical, and morphological characterization. First, a solution of

commercial bleach, based on sodium hypochlorite (NaClO), was used to separate Ag from radiographic films. Then, a

microwave-assisted hydrothermal method was applied to produce nanometric metallic Ag using sucrose as a green

reductant and sodium hydroxide (NaOH). The obtained product was composed of relatively high purity (* 97%)

nanostructured Ag (NS-Ag). Thus, the proposed procedure was efficient, and a promising approach for Ag recovery from

radiographic films since the obtained NS-Ag might be used in a wide range of technological applications.
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Introduction

Silver (Ag) has been increasingly used from medieval

coins to the current metal alloys. This metal composes

several materials, such as mirrors, jewelry, and electronic

equipment. Noteworthy, radiographic films are an excellent

source of Ag, since they contain around 2% Ag by weight

in metallic and halide forms [1] in addition to the gelatin

based on animal protein [2] and a plate of polyethylene

terephthalate (PET) [3]. Thus, the incorrect disposal of the

radiographic films can lead to the contamination of the

environment, because, besides the plastic, Ag can also

cause severe damages to nature, and even adverse impacts

on living organisms [4]. For instance, argyria is a disease

that makes the skin turn gray due to large deposits of Ag

salts in parts of the human body [5]. Also, the accumulation

of Ag can cause morphological aberrations in fish [6].

Nanostructured Ag� (NS-Ag) has applications in several

areas. In medicine, studies about the inhibition of HIV-1

virus by the action of Ag nanoparticles have been con-

ducted for the development of prevention treatments [7].

Moreover, NS-Ag has been applied in the production of

antibacterial objects [8], sensors [9], and conductive inks

[10]. Thus, Ag recovery from discarded objects is a

meaningful way to protect the environment concomitantly

with the generation of resources for technology

development.

Some methods for recovering Ag from waste radio-

graphic films have been demonstrated previously [1, 2, 11].

However, the structural, chemical, and morphological

characterizations of the recovered Ag have rarely been

reported. In this study, we demonstrate a novel approach to

produce nanosized Ag from waste radiographic films based

on two steps. First, Ag was removed from the PET plates

by a chemical process, and then NS-Ag products were
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produced by a microwave-assisted hydrothermal (MAH)

method.

Experimental

The process of Ag recovery is an adaptation of a previously

reported methodology [11]. First, the radiographic films

were cut in rectangular pieces. Then, the pieces were

immersed in a NaClO solution (0.13–0.17 mol L-1), which

was prepared from a commercial bleach, until the dark

material was separated from the PET plate. The mixture

was decanted overnight, and the sediment was collected by

centrifugation and dried. Subsequently, 2.3 g of the col-

lected product, 4.6 g of sucrose (99.8%), and 2.3 g of

NaOH (97.0%) were added to 70 mL of deionized water,

and the mixture was homogenized under magnetic stirring.

Afterward, the obtained homogeneous mixture was trans-

ferred to a polytetrafluoroethylene autoclave, sealed, and

heated at 140 �C for 1 h in a microwave oven (2.45 GHz/

800 W) [12]. Finally, the product was centrifuged at

7000 rpm for 10 min, washed with deionized water, and

dried at 75 �C.
The sample characterization was performed by X-ray

diffraction (XRD, Rigaku MiniFlex 300) using Cu Ka
radiation with a step-size of 0.01� at a rate of 2� min-1;

Fourier-transformed infrared spectroscopy (FTIR, Perkin

Elmer Spectrum Two spectrophotometer); thermogravi-

metric (TG) analysis (Perkin–Elmer TGA 4000) under a N2

flow (20 mL min-1) at a heating rate of 20 �C min-1;

field-emission scanning electron microscopy (FESEM,

JEOL JSM-7500F); energy dispersive X-ray spectroscopy

(EDS, JEOL JSM-7500F); X-ray photoelectron spec-

troscopy (XPS, K-Alpha Thermo Scientific spectrometer).

The calibration of the XPS spectra was carried out using

the C 1s peak at 284.8 eV.

Results and Discussion

The process of Ag recovery can be explained in a few

steps. First, the immersion of the radiographic films in the

NaClO solution promotes the separation of the dark

gelatinous material from the PET plate. Then, the NaClO

solution extracts Ag from the gelatinous material, since

NaClO allows the hydrolysis of the proteins which com-

pose the gelatin. This occurs because of the alkaline pH of

the reactive medium [11] as a result of the NaClO

hydrolysis according to the following reaction (Eq. 1) [13]:

ClO�
ðaqÞ þ H2OðlÞ � HClOðaqÞ þ OH�

ðaqÞ ð1Þ

Then, ClO- reacts with Ag to produce AgCl precipitate

according to the XRD pattern shown in the supplementary

data (Figure S1a). Afterward, the addition of sucrose and

NaOH leads to the formation of Ag2O in the reaction

medium (see Figure S2a). Figures S1b and S2b show the

FTIR spectra of the samples produced after the use of the

NaClO solution, and the addition of sucrose with NaOH,

respectively. In both cases, it was possible to observe peaks

referring to OH (at 1110 and 1108 cm-1) and C=O (at

1727 and 1729 cm-1) vibrations, besides other peaks

referring to the presence of more organic groups adsorbed

on the material surface [14].

Afterward, the temperature and alkaline conditions

during the microwave-assisted process induce the total

hydrolysis of the gelatin and the extraction of the remain-

ing Ag. Moreover, due to the alkaline medium and high

temperature, sucrose is hydrolyzed to glucose and fructose

[15]. Both glucose and fructose are reducing sugars which

can finally produce metallic Ag from AgCl and Ag2O.

After the recovery procedure, the product characteriza-

tion was performed to confirm the efficiency of the pro-

posed method. XRD analysis was used to identify the

crystalline structure of the sample. The XRD pattern

(Fig. 1) of the NS-Ag corresponded to the face-centered

cubic of the metallic Ag, according to the JCPDS data card

04-0783. No diffraction peaks corresponding to Ag2O or

other compounds were observed, suggesting the formation

of pure metallic Ag.

The FTIR was used to investigate the presence of

residual organic compounds (Fig. 2) in the sample. Only a

few organic impurities were observed. Two small peaks

were verified in the regions at around 1715 and 1080 cm-1

referring to the C=O and OH vibrations, respectively [14].

Such chemical bonds might be related to decomposition

products of sucrose. According to the TG analysis (Fig-

ure S3), the product lost 3.02% in weight in the

Fig. 1 XRD pattern of the produced NS-Ag (Color figure online)
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temperature range of 220–485 �C due to the thermal

decomposition of residual organic compounds.

The surface elemental composition and the electronic

structure of the sample were explored by XPS analysis.

Figure 3a shows the survey scan XPS spectrum of the

sample. Only peaks related to Ag, C and O elements were

observed. Furthermore, only low-intensity Na peaks have

been found. Therefore, the sample presented a relatively

high Ag purity.

The high-resolution XPS spectrum of Ag 3d, shown in

Fig. 3b, reveals two peaks at 374.1 and 368.1 eV, corre-

sponding to the Ag 3d3/2 and Ag 3d5/2, respectively. The

positions of these two peaks and the energy difference

between them (6.0 eV) evidence the metallic state of the

obtained Ag [16].

Figure 3c shows the C 1s high-resolution XPS spectrum.

The peak can be fitted with three components. The first at

284.8 eV corresponds to C–C, the second one at 286.5 eV

is related to C–O, and the last at 288.4 eV is assigned to O–

C=O [17]. These peaks can be related to the few organic

residues derived from the use of sucrose in the Ag recovery

process. The O 1s XPS spectrum (Fig. 3d) reveals two

peaks associated to the bounds with carbon at 532.8 eV

(O=C) and 532.1 eV (O–C). No peak related to the for-

mation of metal oxides (at 529–530 eV) was observed

[16, 17], confirming the presence of only metallic Ag in the

sample. Moreover, a small peak of Na (535.5 eV) was

noticed owing to the use of the reagents NaClO and NaOH

in the synthesis.

The EDS spectrum (Fig. 4a) shows the chemical com-

position of the sample. Only peaks related to Ag and O

were observed, suggesting the purity of the obtained NS-

Ag. As revealed in the FTIR an XPS analyses, the O

Fig. 2 FTIR spectrum of the produced NS-Ag (Color figure online)

Fig. 3 a Survey XPS spectrum

of obtained NS-Ag. High-

resolution XPS spectra of b Ag

3d, c C 1s, and d O 1s (Color

figure online)
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present in the sample is chemically bonded to C and H,

indicating that the O peak in the EDS spectrum is not

related to the Ag2O formation. FESEM analysis was con-

ducted to elucidate the morphology of the recovered Ag.

The FESEM images of the sample (Fig. 4b–d) revealed an

agglomerate of nanoparticles with a diameter of

40–250 nm.

Conclusion

In conclusion, NS-Ag products were produced from waste

radiographic films. The proposed method using the MAH

processing has proven to be efficient, mainly because of the

formation of metallic Ag in the nanoscale size range with

relatively high purity. Furthermore, the employed recycling

method is promising due to the environmental benefit and

the possibility of using the obtained NS-Ag for many

technological applications.
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